Introduction
============

Neoadjuvant chemoradiotherapy (CRT) in patients with locally advanced rectal cancer (LARC, higher than stage T3 and/or clinical evidence of lymph node metastasis) has been recommended for reducing tumor size and stage, with the goal of increased resectability and improved chance of sphincter preservation [@R1; @R2; @R3]. Several imaging techniques have been used for staging LARC and for assessing response to neoadjuvant CRT. Recently, ^18^F-fluorodeoxyglucose (^18^F-FDG) PET was reported to be beneficial for the evaluation of treatment response in several cancers, including LARC [@R4; @R5; @R6].

Although functional imaging with ^18^F-FDG PET is a useful technique for evaluating treatment response, it has some limitations. Increased ^18^F-FDG uptake is seen in inflammatory conditions [@R7]. Fibrosis or edema following irradiation can also be ^18^F-FDG-avid [@R8; @R9; @R10; @R11].

Dual-time ^18^F-FDG PET has been reported to improve diagnostic accuracy for several cancers [@R12; @R13]. This is based on the different pattern of ^18^F-FDG uptake in malignant tumors, which display slowly increasing ^18^F-FDG uptake, whereas benign lesions, including inflammation, show an earlier peak and then a decline. Recently, Prieto *et al.* [@R14] suggested the feasibility of voxel-based dual-time ^18^F-FDG PET images for brain tumors and showed that parametric images improved sensitivity for tumor identification.

We investigated voxel-based dual-time ^18^F-FDG PET parametric imaging in the evaluation for residual tumor after CRT in rectal cancer. We previously introduced volume-of-interest (VOI)-based quantitative analysis for dual-time ^18^F-FDG uptake [@R15]. In this study, for an image-based CRT response evaluation, we developed dual-time parametric imaging, which can provide anatomical information as well as physiological parameters. As a feasibility study of the dual-time parametric imaging for post-CRT LARC, we performed visual analysis and measured the parameters quantitatively to differentiate residual viable tumor from post-CRT changes.

Materials and methods
=====================

Patients and clinical factors
-----------------------------

From March 2009 to February 2011, patients with LARC who underwent neoadjuvant CRT were selected retrospectively. Among them, 86 patients underwent ^18^F-FDG PET/CT scans, first as a staging workup and then for response evaluation after neoadjuvant CRT. This study represents a new image-based version of a previous investigation on the diagnostic accuracy of dual-time ^18^F-FDG PET in post-CRT patients [@R15]. The present study included 61 patients who had been previously enrolled. To be eligible the patients had to have undergone two ^18^F-FDG PET/CT scans, one for initial staging and the other after CRT for post-treatment evaluation. [Table 1](#T1){ref-type="table"} summarizes the clinical characteristics of our study. All patients had biopsy-proven LARC. This study was approved by the Institutional Review Board.

###### 

Clinical characteristics of the patients
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^18^F-FDG PET/CT scans
----------------------

According to the protocol of our previous study [@R15], ^18^F-FDG PET/CT was performed before and after CRT. Patients with blood glucose levels lower than 6.67 mmol/l (120 mg/dl) were injected intravenously with 7.4 MBq/kg of ^18^F-FDG after fasting for at least 6 h. According to the standard protocol of our institute, PET/CT scans should commence 60 min after injection. Three dedicated PET/CT scanners were used (Biograph LSO; Siemens Medical Systems, Erlangen, Germany; and Discovery LS and Discovery STE; General Electric Medical Systems, Milwaukee, Wisconsin, USA). Post-CRT PET/CT scans were performed using a dual-time-point protocol, which included the standard whole-body acquisition at 60 min (range 51--94 min) and a delayed acquisition of the lower abdomen and pelvis at 90 min (range 79--130 min) after injection. Both pre-CRT and post-CRT PET scans were performed using the same scanner for each patient. PET images were reconstructed using an iterative algorithm (ordered-subset expectation maximization) with an image matrix size of 128×128.

Image processing
----------------

To correct positioning artifacts, post-CRT standard and delayed images were coregistered using a statistical parametric mapping software package (SPM2; University College London, London, UK). More specifically, rigid-body transformation was carried out using three translations and three rotation parameters. All transformed images were visually confirmed. Each image was scaled and quantitatively displayed by the standardized uptake value (SUV). A spherical VOI was placed around abnormalities with increased ^18^F-FDG uptake on images, and the delayed SUV was divided by standard SUV on a voxel basis. A dual-time parametric image was created from each post-CRT image, with a delayed-to-standard SUV ratio (DSR) map ([Fig. 1](#F1){ref-type="fig"}).

![Schematic workflow for dual-time parametric image reconstruction. Delayed and standard PET images were scaled to standardized uptake value (SUV) and coregistered. A spherical volume-of-interest (VOI) was drawn around a focus detectable on the postchemoradiotherapy ^18^F-FDG PET/CT scan and the delayed-to-standard SUV ratio was calculated on a voxel basis. CT, computed tomography; ^18^F-FDG, ^18^F-fluorodeoxyglucose.](mnm-34-1166-g002){#F1}

PET/CT-based response assessment
--------------------------------

The patients with undetectable ^18^F-FDG uptake in post-CRT images were regarded as good responders. In patients with detectable post-CRT activity, tumor response was first evaluated using a pre/post-CRT response index (RI) by using manually drawn VOIs to determine the maximum SUV ratio of tumor sites between pre-CRT and post-CRT standard PET/CT scans. A VOI-based delayed-to-standard index (DI), the maximum SUV ratio between delayed and 60-min post-CRT PET/CT scans, was also computed for each volume pair. Tumor response evaluation using delayed-to-standard parametric mapping was also performed. When there was visible increased uptake on post-CRT images, the maximum DSR was obtained. Visual analysis was also carried out when lesions with increased DSRs were identifiable on the parametric map. Patients with visually identified foci on the DSR parametric maps were regarded as nonresponders, assuming that continuously increasing ^18^F-FDG uptake would represent residual viable tumor, whereas patients with undetectable activity on DSR maps were considered responders ([Fig. 2](#F2){ref-type="fig"}).

![Workflow for PET/CT-based response assessment. Patients with undetectable ^18^F-FDG uptake in post-CRT images were regarded as responders. CRT response was evaluated using VOI-based parameters (response index and delayed-to-standard index) and parametric image-based parameter (delayed-to-standard SUV ratio). Visual analysis was also performed on the parametric map. CRT, chemoradiotherapy; CT, computed tomography; ^18^F-FDG, ^18^F-fluorodeoxyglucose; SUV, standardized uptake value; VOI, volume-of-interest.](mnm-34-1166-g003){#F2}

SUV measurement was performed at a workstation with AW 4.3 software (General Electric Medical Systems). DSR parametric maps were visually evaluated using PET with combined CT, and pre-CRT and post-CRT PET/CT scans were compared slice by slice.

Pathological response assessment
--------------------------------

Patients underwent surgery after completing CRT. The surgical specimens were evaluated by experienced pathologists. Tumor regression grade (TRG) was classified into one of five categories according to the Dworak tumor grading system [@R9]: TRG 4, total regression; TRG 3, near-total regression; TRG 2, moderate regression; TRG 1, minimal regression; and TRG 0, no regression. Tumors with TRG 3 and TRG 4 were included in the responders group, whereas tumors with TRG 0, TRG 1, and TRG 2 were included in the nonresponders group.

Statistical analysis
--------------------

Pearson's *χ*^2^-test was performed to analyze the categorical variables, including clinical characteristics. Receiver-operating characteristics (ROC) curves were drawn for the pre/post-CRT RI, for DI and for maximum DSR for the evaluation of pathologic response. Sensitivity, specificity, and accuracy were calculated for each test variable using the optimal threshold value. *P* values less than 0.05 were considered significant. Statistical analyses were performed using SPSS software (version 18; SPSS Inc., Chicago, Illinois, USA).

Results
=======

Dual-time parametric maps for post-CRT tumors
---------------------------------------------

Seventy-two patients showed detectable ^18^F-FDG uptake in lesions on post-CRT PET/CT scans. Nine of them were classified by pathological analysis as total or near-total regression (TRG 3 and 4). These nine patients were regarded as showing false-positive ^18^F-FDG uptake on standard scans. There was no definite discernible lesion on the dual-time parametric map in eight cases (*P*\<0.05, *χ*^2^=5.44).

Representative cases from the responding and nonresponding groups are shown in [Fig. 3](#F3){ref-type="fig"}. As shown in [Fig. 3a and b](#F3){ref-type="fig"}, the post-CRT PET/CT scan shows an ill-defined lesion with mildly increased ^18^F-FDG uptake; however, the voxel-based dual-time parametric image shows a high DSR in the lesion, which was confirmed as TRG 2, moderate regression. [Figure 3c and d](#F3){ref-type="fig"} shows an example of increased ^18^F-FDG uptake due to post-CRT inflammation. Intense ^18^F-FDG uptake at the tumor site was found on the post-CRT PET/CT scan; however, the dual-time parametric map showed no increased DSR in the same lesion. It was confirmed as TRG 4, total regression. More representative cases of each TRG are shown in Supplementary Fig. 1 (Supplemental digital content 1, [*http://links.lww.com/NMC/A16*](http://links.lww.com/NMC/A16)).

![Two representative cases of post-CRT dual-time parametric images: (a, b) nonresponding case and (c, d) responding case. (a) The post-CRT tumor shows increased SUV in the ^18^F-FDG PET/CT image (arrow, SUV~max~ 4.1). (b) The dual-time parametric image shows focal lesion clearly with increased delayed-to-standard SUV ratio (maximum DSR, 2.31). The post-CRT ^18^F-FDG PET/CT image shows a relatively indistinctive margin and larger extent compared with the dual-time parametric map. The surgical specimen revealed Dworak regression grade 2, regarded as nonresponder. (c) The post-CRT PET/CT scan shows increased ^18^F-FDG uptake (SUV~max~ 5.9). (d) The lesion identified on the ^18^F-FDG PET/CT scan shows a low DSR in the dual-time parametric image (maximum DSR, 1.23). The surgical specimen revealed Dworak regression grade 4, total regression. CRT, chemoradiotherapy; CT, computed tomography; ^18^F-FDG, ^18^F-fluorodeoxyglucose; SUVmax, maximum standardized uptake value; VOI, volume-of-interest.](mnm-34-1166-g004){#F3}

^18^F-FDG PET parameters and prediction of response to treatment
----------------------------------------------------------------

The results of the ROC analysis of the RI, DI, and maximum DSR in relation to pathological response grade are shown in [Fig. 4](#F4){ref-type="fig"}. DI values were obtained from the VOI-based maximum SUV ratio between standard and delayed scans, whereas maximum DSRs are the SUV ratios on a voxel-based parametric image. ROC analysis identified maximum DSR as the best indicator of response to CRT. Area under the curve (AUC) was significantly higher in maximum DSR compared with the pre/post-CRT RI. The analysis also suggested that DSR is a better indicator of CRT response compared with the VOI-based dual-phase index, although not to a statistically significant extent (AUC: 0.923 for DSR, 0.889 for DI, 0.758 for RI; *P*\<0.01 for DSR vs. RI, *P*=0.44 for DSR vs. DI) ([Fig. 4a](#F4){ref-type="fig"}).

![Receiver-operating characteristic curves of delayed-to-standard SUV ratio (DSR), volume-of-interest-based dual-phase index (DI) and pre/post-CRT response index (RI). (a) DSR had a significantly higher AUC compared with RI for all cases (*P*\<0.01). (b) Excluding the cases with undetectable ^18^F-FDG uptake in post-CRT scans, DSR and DI showed significantly higher AUCs compared with RI (*P*\<0.001 for DSR vs. RI; *P*\<0.05 for DI vs. RI). AUC, area under the curve; CRT, chemoradiotherapy; ^18^F-FDG, ^18^F-fluorodeoxyglucose.](mnm-34-1166-g005){#F4}

We compared maximum DSR, DI, and RI, except for 14 cases with undetectable ^18^F-FDG uptake in post-CRT PET/CT scans. The DSR and DI showed significantly higher AUCs compared with RI. There was no significant difference between DSR and DI (AUC: 0.902 for DSR, 0.848 for DI, 0.517 for RI; *P*\<0.001 for DSR vs. RI, *P*\<0.05 for DI vs. RI, *P*=0.57 for DSR vs. DI) ([Fig. 4b](#F4){ref-type="fig"}).

The sensitivity, specificity, and accuracy of PET/CT parameters for prediction of response to CRT are summarized in [Table 2](#T2){ref-type="table"}. In brief, with a 1.25 cutoff value for the maximum DSR, 85.0% sensitivity, 95.5% specificity, and 93.0% overall accuracy were obtained for the responding group, which was higher than the DI and RI. Compared with DI-based response evaluation, maximum DSR improved on positive predictive value (75 and 85%, respectively) and negative predictive value (90.9 and 95.5%, respectively). A graphical summary of comparison between the two methods is shown in [Fig. 5](#F5){ref-type="fig"}.

###### 

Sensitivity, specificity, and accuracy of response to treatment
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![A comparison between the two methods for response evaluation: volume-of-interest-based delayed-to-standard index (DI) and maximum delayed-to-standard SUV ratio (DSR) on the dual-time parametric image.](mnm-34-1166-g007){#F5}

Discussion
==========

In the current study, we generated dual-time parametric images of ^18^F-FDG PET/CT for evaluation for residual tumor versus inflammation after neoadjuvant CRT on a voxel basis instead of using VOIs. We evaluated maximum DSR for CRT response obtained from the parametric images, and visual assessment was also performed. As a result, most foci with false-positive ^18^F-FDG uptake exhibited no detectable foci on DSR parametric maps. Maximum DSR showed higher diagnostic accuracy than did the RI obtained from pre-CRT and post-CRT PET/CT scans.

Recent studies have reported that changes in ^18^F-FDG uptake before and after CRT could differentiate responders from nonresponders and predict the patient's outcome [@R16; @R17]. However, ^18^F-FDG uptake has been reported to be nonspecific for malignant tumors, particularly in post-CRT rectal cancers, because of radiation-induced inflammation and physiological bowel uptake [@R10; @R11; @R18]. Because preoperative residual tumor evaluation is important for performing minimally invasive surgery such as sphincter preservation, an accurate noninvasive diagnostic image-based approach has been sought.

To our knowledge, this study is the first to evaluate voxel-based dual-time parametric mapping for CRT response. The difference in ^18^F-FDG uptake between standard and delayed post-treatment scans was evaluated in several cancers to differentiate malignancy from inflammation [@R13]. Voxel-based analysis is an image-based approach, which uses anatomical information, unlike VOI-based analysis. Thus, this approach enables calculation of the real increase in ^18^F-FDG uptake in delayed scans, as SUV is measured in the same voxel. As reported in our previous study [@R15], dual-time ^18^F-FDG PET/CT exhibited better accuracy in diagnosing tumor response compared with the changes between pre-CRT and post-CRT ^18^F-FDG uptake. We further investigated voxel-based parametric imaging instead of VOIs. Our results trended toward improved diagnostic accuracy, although statistical significance was not reached.

Compared with the VOI-based method, our parametric image-based approach provides anatomical information, which is important for assessing for residual tumor. In the current study, parametric imaging and the VOI-based DI showed no significant difference between the AUC of maximum DSR. However, anatomical information using parametric images may identify a culprit lesion in post-CRT ^18^F-FDG PET/CT images. Because inflammatory cells around tumors contribute to the ^18^F-FDG uptake, anatomical differentiation between viable tumor and inflammation on post-CRT scans is difficult [@R10; @R19]. As shown in [Fig. 3](#F3){ref-type="fig"}, a residual tumor lesion was more clearly identified on the parametric image than on the post-CRT PET/CT scan. Our approach may detect intratumoral heterogenous features of malignancy because of preserved anatomical information, unlike representative descriptive parameters such as RI and VOI-based DI. More importantly, manually drawn VOI-based maximum SUVs on standard and delayed scans cannot always be obtained from the same voxel [@R14]. Of note, parametric imaging would be helpful for measuring residual tumor extent, although further study regarding the correlation between parametric images and pathological findings is needed.

We used rigid-body coregistration of standard and delayed PET/CT scans to minimize the distortion of images. Because coregistration between standard and delayed scans is not perfect, a few areas on the parametric images appeared to show high-signal artifacts in parametric maps owing to misregistration or bowel peristalsis ([Fig. 6](#F6){ref-type="fig"}). Therefore, dual-time parametric maps were only applied to tumors that showed visually detectable ^18^F-FDG uptake in post-CRT PET/CT scans using spherical VOIs around the tumors to minimize the noise effect. Moreover, each of the scans was visually evaluated to find bowel peristalsis or misregistration, and maximum DSR values were derived only in the known tumor area. The misregistration artifact was also one of the limitations to developing parametric response images using ^18^F-FDG PET/CT, a recently proposed technique for image-based treatment response monitoring [@R20]. Although standard and delayed scans conceivably have fewer changes between them compared with pre-CRT and post-CRT scans, further investigation of better registration methods and dual-time acquisition protocols is warranted to reduce misregistration.

![A standard ^18^F-FDG PET/CT scan (a) and a delayed ^18^F-FDG PET/CT scan (b) were misaligned probably because of bowel peristalsis, and an artifact of marginal high signal was found on the dual-time parametric image (c). CT, computed tomography; ^18^F-FDG, ^18^F-fluorodeoxyglucose.](mnm-34-1166-g008){#F6}

The maximum DSR was calculated to assess quantitatively whether visually detectable lesions in post-CRT scans represented residual viable tumor or benign inflammatory changes. Malignancy has a feature of slowly increasing ^18^F-FDG uptake [@R13]. Malignant lesions generally have a higher DSR compared with inflammatory lesions. A limitation of this study is the unknown clinical or biological significance of the maximum DSR; the degree of increased ^18^F-FDG uptake in the delayed phase does not necessarily reflect disease severity, whereas the maximum SUV parallels the metabolic activity of tumors. Furthermore, in this study, time differences between standard and delayed scans were not perfectly controlled, which could affect the maximum DSR value. In this context, we performed visual analysis to detect tumor lesions on the parametric images. The diagnostic accuracy was also higher than that of RI or DI, although statistical significance was not reached.

The design of this study was retrospective and selection bias may have existed. Although our inclusion criteria excluded no patients to minimize bias, and we obtained consistent results, a prospective investigation is warranted. The PET/CT study protocol for establishing the best dual-time parametric imaging technique with respect to scan time and registration strategies has not been optimized yet. As a feasibility study, we propose dual-time parametric image-based evaluation for tumor regression; however, tumor delineation on parametric images, comparing the parametric images and surgical specimens, has not been studied. In the future, our proposed approach may be useful for evaluating the anatomical extent of residual tumors after neoadjuvant CRT for further therapeutic planning.

Conclusion
==========

Dual-time parametric imaging for differentiating residual tumor from inflammation after neoadjuvant CRT in rectal cancer is a promising method. Although further studies on tumor delineation and accurate registration methods are needed, our new image-based approach provides visual depiction of residual tumor, as well as differentiation from false-positive ^18^F-FDG uptake in inflammation.
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